


f 


j! S nN 
iby 4 ‘ ts Me , 









Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1950 


An investigation of an upper level vortex. 


Lindsay, William Alexander 


Monterey, California. U.S. Naval Postgraduate School 


http://ndl.handle.net/10945/14363 


Downloaded from NPS Archive: Calhoun 


| Calhoun is the Naval Postgraduate School's public access digital repository for 
F (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist | | Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS'‘s first 


lil \ KNOX appointed -— and published -—- scholarly author. 


http://www.nps.edu/library 






LIBRARY Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 


7 j 


;.] 
. 
: 


ny i 
” i i 
i il sik ah 
lM iH il Dy "1 
mconiuet Hi i mn i 


hssilbiebeid iit * JOR 
sea VER Wenh 
i " ne a yi i 
i ta ah Ment oC 
il a i: i iI) nt 


| 


| 
| 
A 


i 


we 
Altea 


ty 
| | 
iF 
‘ 4 
: 


| 
f 





| 
I 
M 






















4 









4 
¢ 





= > 
~— —_— <= 
—_ = — 
—s 


; 


4P 
OG 












at int fe ea) ) 
Lah Al ii i! ie | 


ma 
| vi i wells a 













¥) yi Nie . iv hus 
, eh atl! aFiboalte i ) | ’ 
mali Yo i! i 1 f iL ie 
a A | i ae | Bie IG 
Py iht Wy t a : ys 
PRN Mea HUH, A 
if I , 1 | nthe A i ik Ne i , . 
AL ol 1 | lh if At \! | ‘ 
wa py \ rue te Tenens 
; j ' Me y 
| 1] bere } i beer 4 4, 1 
; uf P ts iG 1 
| . ; r i; 1 the u ; | ' 
i : , iy ot 
Pty RUAN (O tepenyet thie 
, | Vy ; ,, 
! | j ‘| , ih tT ry ' 
i] r AU raehy 1 eAL 
ty 7 , a Oy 7 ; 
AD ' } ) 
reves | ; i 
yf i] 
fin Dine | | if 
Pore Uh ay lite AP 4S | 
| (Ay PV ec | 
t i ats Wat to | 1 
7 . ee tere CLD re ty i i i i 
1 } : 7 7 | a) j ‘ ' i 7 
Pyro | f I A i) i ir me i i 
yt 
aia 
y ot of tho Ton iW it | i i dh i, Hl 
i We tbe . 
i y= u ue ‘: at ar ; il ‘ (naa) i i 
= ( | ; Hi Ah Hath at, yl a a 
en oi I mls i} Ni, Doetisicst = 
l anil | Ne, ; Hy i) MT Nt IM 1 het ry Feta LE Bere, - 1] 
" na A I ' i Thy OBA pees 2 | 
' Foye dh at ke! iL iV ‘i 1a | ees oe se 
a! ay . i} cee \! iy | i) HI By lisesi i pey ; 
1) es Mis i! t Pu Lu jealee ky 
‘y Be teil) a de, IER 





i ee il h : fener 
The 10 m i i ns ‘i mH I ih iy i i ee iiss aE ce Ae =. ws fe5) 
Mae cy De ont Mi ft Hel 
a it WM ie Wl, a i i 


*LPye5 “As! etl Feat 
ii) i] Renee Hae 
. t) | {t Meaty aia “re? 
. rie San ite ’ ay i 
‘a nt ii mi y Isl (ue i 


Cite: oH 4 
Yer it 1) Wh) iy ih ps il i te fie Ht 
est vay i 
‘ a ite " Ai ‘i te Bt nN Ath nM i i" i Hl i" il Ca i ny i 


FAC te aus ally Wik i 1 | 
| Nae thoi oral opt ft vi Ane Wn i i I ‘ i ia tt iu) ‘i \ 
| vt F fi ue at at Ha is i Via ai ih i i sin Hal lun ill ils ah i : 


. 
i 
- 
ae 








| 


i. 






Library 


it Naval 


iy 


wr 


i 
a 

’ omy 

A NOR eae 


ostgraduate Scuool 



































Williom Alexander Lindsay 
Lieutenant, United States Navy 


Submitted in partial fulfillment 
‘ of the requirements 
for the degree of 
MASTER OF SCIENCE 
Til AEROLOGY 


United States Uaval Postcraduate School 
Monterey, California 


By 8) 














PREFACE 


The purpose of this investigation is to give a detailed study to 
a larre scale cold core cyclcnic disturbance at upper levels. The in- 
vestication was instisated by discussion with Airline and Weather Bureau 
poople who must contend with the problem of forecasting upper level winds. 

It is felt that advance information on the development of an upper 
level vortex would be very valuable as an aid in the forecastins of upper 
level winds for flipht operationse 

This investigation is limited to the analysis of one such disturbance 
which occurred over the Western United States during October 1949. 

The discussion is centered about the 500 millibar level which is cone» 
sidered the approximate flight level of the present dey military and com- 
mercial aircraft. 

The author wishes to express gratitude for the assistance of G. J. 
Haltiner, Associate Professor, Department of Aerolosy, Naval Postrraduate 


School, Monterey, California. 
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Ie IUTRODUCTION 


It is frequently observed that lons wave-lize dissurbancos or the 
middle latitude belt of the westerlies in the upper troposphere increase 
in amplitude and finally troughs or ridges are cut-off as vorticies from 
the main currents. Such unper level disturbances are observed freauently 
in such areas as the Azores, ‘Jestern United States and Lastern Pacific, 
widway Island area, and the .estern Pacific to name a few. On the other 
hand an increase in amplitude does not always result in the occurrence of 
a closed circulation. It anpears desirable therefore that further inves-= 
tigation should be made to obtain more Imowledge of this phenomenone 

Pressure variation at any level, and snecifically in the vicinity of 
such cyclones, is accompanied by changes in the mass distribution over the 
disturbances There are various contributions of advection, divergence, and 
vertical motions which are reflected in the deepening or filling of the 
system at the level in questions 

In order to arrive at any sound conclusions concerning the forecasting, 
origin, life history, and dissipation of upper level vorticies it is there- 
rore necessary to study the three dimensional structure of this type of 
cyclone» 

Several pavers dealing with this phenomenon have appeared in Neteor- 
losical publications and comparisons are made between this system and the 
lows investigated by others. It can be expected that some differences will 
occur between this and other such systems because of the limitation that a 


Single vortex is investirated here. 
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II. PROCEDURE 


In order to have a fairly complete threc dimensional analysis of an 
upper level disturbance it was considered desirable to have a complete 
series of the unper air weather maps for the period from at least forty= 
eicht (48) hours vrior to the development of the cyclone aloft throuch the 
period of its existence. Due to limitations of time available the author 
has confined the investigation to the qualitative aspects of the probleme 
Primarily because ordinary forecasting reauires less detail and to improve 
the continuity and increase the reliability of the results, it was necessary 
to re-analyze all maps of the period for which the vortex occurred. 

Only one main difficulty presented itself in the analysis other than 
the normal transmission errors. The terrain over which this disturbance 
occurred was generally above the 1000 millibar level and in some instances 
above the 850 millibar level. For this reason the investisation was con- 
fined to the layer from the 850 millibar level to the 200 millibar level. 
This eliminated the erros arising from reductions to sea level. 

All data for the analyses of the mans was taken from the Daily Upper 
Air Bulletins for the period 16@21 October 1949. Although uncorrected and 
by no means complete, they were adequate to accomplish the necessary analyseSe 
Heights, temperature, and dew noint at the pressure level were recorded for 
the Aleutian Chain, the Territory of Alaska, the United States, and one 
weather ship report in the vicinity of the Gulf of Alaskae 

From all the available information analyses were made of the 850 


millibar, 7OO millibar, 500 millibar, 400 millibar, and 200 millibar levels, 
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From the consecutive 500 millibar analyses time difforentials were made 

to show the heisht tendency field over Alaska and the west coast of the 

United States. A space differential analysis was made for the 850 nil- 

libar to 700 millibar layer, the 7OO millibar to 500 millibar layer, the 
500 millibar to 4300 millibar layer, and the 500 millibar to 200 millibar 
layer. These analyses are discussed later in chapters concerning tho 


advection aspects and heisht tendency centerse 
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III. THO SYNOPTIC SITUATION 


Important to a discussion of this type is a clear picture of the 
general synoptic situation associated with the occurrence of the upper 
vortex under investiration. On 16 Octobor 1949, a cold trouch occupied 
the western section of the United States at the 500 millibar, 300 millibar, 
and 200 millibar levels (Ficure 1) extendins from northern Canada to South- 
ern Californias The 850 millibar analysis showed a closed low with an ex- 
tremely flat pressure gradient; while the 700 millibar analysis presented 
a trough somewhat less pronounced than observed above this level (Figure 2). 
Over the eastern Pacific Ocean to the west of the troush wes the Pacific 
Dynemic Hish and to the north over Alaska a cold high was forming end moving 
southeastward e 

On 17 October 1949, the first closed contour appeared at the 500 millibar 
end 700 millibar levels (Figure 3). The levels above 500 millibars continued 
to show the troush, much larger in amplitude, however. The slope of the ver» 
tical axis between 850 millibars and 700 millibars was larse, in the order of 
1 to 300. The cold high on the surface from Alaska continued to move south= 
eastward and was intensifying. Pressure was increasing over the northwestern 
United States and the temperature at all levels over this area vas rising. 

By 18 October 1949 closed contours apneared at all levels from 700 
millibars to 200 millibars. TORETEE, the slope of the vertical axis between 
the 700 millibar and 500 millibar levels was abnormally large (Fisure 4). 

Further examination of the 700 millibar level analvsis indicated the 
possibility of two centers at that level. Ono center was disnlaced some 


450 to 500 miles to the east of the low at 500 millibars. Another center 


(4) 


with an odd contour value (9700 at 700 millibars) could be drevm in a 
position which could be reasonably assumed to be nart of the main system 
at the levels above 700 millibars. Thus, while ore cyclone between 700 
millibars and 200 millibars was moving south southeast, a weaker, shallow 
evelone was moving eastward confined to levels below 700 millibars. There 
was very little activity associated with the lower level disturbance other 
than some very lisht precipitation. Tho number of closed contours had in- 
creased at and above the 500 millibar levele The cold hish which had orif- 
inated over Alaska changed its course from southeast to more easterly. The 
rate of increase of pressure over the Pacific Northwest had decreased some= 
what at this timee 

During 19 October 1949 the _—— level cyclone reached the southernmost 
part of its trajectory, and was moving very much slower than previously. The 
700 millibar level showed the first even valued closed contovr (9800 at 700 
millibars) associated with the cyclone above that level. The number of 
closed contours above the 7OO millibar level at all levels continved to in= 
crease with the steady increase of pressure in the northern section of the 
troughe The cold high was moving more rapidly and approaching the lower 
Hudson Bay regions 

By 20 October 1949, a closed ccntour appeared on the 850 millibar chart 
below the upner level vortex. The cyclone was now closed at all levels in» 
vestisated, from 850 millibars to 200 millibars$ and it was now moving ata 
ereater speed than on its previous southeastward trajectorye 

Cn 21 October 1949 the cyclone had left the area of hich terrain and 
was proceeding in a northeasterly directions A closed low appeared only at 


the levels from 500 millibars on upe The 700 and 850 millibar analyses 
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showed that only a sharp trough existed in the lower levels. ‘This is 
possibly due to the change in the altitude of the terrain, The tendency 
for the formation of a dynamic trough on the lee side of the Rocky Mountains 
may have masked the low at 700 and 850 millibars. However, this effect was 
temporary and the closed low developed into the lower levels within tho next 
twenty-four hours. As the system moved castward a surface low appeared on 
22 October with definite frontal structure. The investigation is linited, 
however, to the period up to 21 October 1949 onlye 
As observed earlier, the slope of the vertical axis of the cyclone, 
during its southerly trajectory,was opposite the direction of movement and 
toward the northwest. The slope became more nearly vertical as it reached 
the southernmost part of the trajectory and remained so for the rest of the 
period investicated. 
This synoptic study indicates that a complete explanation of the 
phenomenon of this upver level vortex should include: 
le Tho orisin of the trough. 
2s Thermodynamic aspects of a cold core lowe 
3e The “cut-off" process and the vortex. 
4. The vortex movement. 
Therefore, the remainder of this study will consider each of the above 


topics as they pertain to this particular upper level phenomenone 
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IV. TROUGH ORIGIN 


Up to the present time there is still no generally accepted theory 
dealing with the intermittent outbreaks of cold air from the north. Most 
authors confine themselves to the analysis of the cold core low after the 
vortex has formede iemeee, some work is being done concerning such cold 
outbreaks by considering the dynamics of the stability of the west wind 
oelt. The results according to Hsieh [ 4 | susgest some controlling factors 
which cause these cold outbreaks; however, theory has not been tested on 
actual data in the atmosphere. 

Since the odject of this investigation is to consider all factors which 
may be or are responsible for the phenomenon which occurred, a possible source 
of the troush origin will be advanced. In order to accomplish this end it was 
necessary to trace the synoptic situation ror some days prior to the formation 
of the actual vortex. The following observations were made. 

It was noted that on 11 October 1949 the Pacific Polar Front extended 
from the Gulf of Alaska southwest to the Marianas Islands. On 12 October 1949 
a cyclonic disturbance was developing in the Gulf of Alaska at approximately 
60° North and 150° ‘lest. The frontal wave occluded very rapidly and was de- 
veloped to unper levels within the following twenty-four to thirty-six hourse 
This low moved very rapidly eastward. The formation of this disturbance in 
high latitudes allowed colder air to be brousht south by flow from the north 
in the western section of the low. The trouch of this investigation appears 
to have previously been associated with the low just described. Wither the 
trough aloft stamnated while tho system in lower levels moved east and came 
under the influence of another trough or the troursh divided into two trouchs, 


one stacnatins and one moving east with the surface systeme 


(11) 








ralmen and Nacler 5 have stated that major troughs in the westerlies 
are the primary resions where pronounced outflow of cold air from the north 
oceurss Observations show the existence of the cold air into southern lati- 
tudes over the western section of the United Statese 

Fisures 5 and 6 consolidate the movement of systems important to tho 
development of the upper level vortex along with the movement of the vortex 
itself, as discussed in the synoptic situations All tendency fields refer 
to the 500 millibar level, which is considered fairly representative of the 
disturvance as a wholee 

As was previously mentioned, a cold high had formed over Alaska and 
was movine southward as the "cut-off" occurred. This hish was reflected by 
& slight ridre at the 500 millibar levele The nositions, time, and intensity 
of the positive tendency field associated with this cold hish are showm in 
Pigure 5. Arrows are dravm to the successive annroxinate center positions 
to show the ~eneral movoment of this tendoncy fielde 

Tho "cut-off" at the 500 millibar level anveared over Oregon on 17 
October 1949. The twelve (12) hour positions of the vortex center at 500 
millibars are shovm in Ficure 6 and the track is labeled LOW, 

Also included in Figure 6 are the successive l2hour positions of the 
center of the nezative tendency field associated with the cyclone at 500 


nillibars. 
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V» THERMODYWANIC ASPECTS OF A COLD CORE LOW 


hard dew 


The analysis of the isotherm and differential patterns efter the 
vortex has formed, showed that a cold core of air existed in the central 
portion of the trough. It is easily shomm that cold core cyclones in- 
croase in intensity with height. The greater changes of pressure with 
height in the cold core as compared with the surroundings, cause the 
slope of the isobaric surfaces to become steeper with altitude. Thus, if 
a cyclone or trough exists at an upper level in a cold colum of air, the 
hisher density of the air in the core as compared to its surroundings, 
will tend to mask the trough or low at tho levels below. Figures 1, 2, 3, 
and 4 show that vortex at the 850 millibar surface is not as well defined 
as at the 500, 300, or 200 millibar levels. 


The rate of change of pressure as givon by the hydrostatic equation 


is, 
} _ oP 
— 2 2 * er 
Z (1.0) 


the vertical pressure gradient will then be greater for lower tem= 
peraturese The mean tomperature for layer therefore determines the thick 
ness of the layer. The system undor investigation shows the freatost de- 
velopment, at and above the 500 millibar level, becoming more pronounced 
at lower levels later in tho life history. 

Figures 7 and 8 show the variations of the heishts of the pressure 
surzsaces at the center and to the north of the center, during the period 
investisateds. Toticeable is the small chance in heisht of these surfaces 
at the center of the vortex, with more pronouneed change in the north of 


the trough, as indicated by the graph of station 78796 
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Vie ‘Tits "CUT-OFF" 


From the preceding discussion, it is obvious that there are two 
requirements that must be fulfilled before the phenomenon of a cut-off 
vortex in the trough can occur, First is the formation of a cold core 
in the trough, and second is an increase of pressure in the northern 
section of the troughe 

There are two main processes by which the necessary warming may 
occur in the north of the trough in order that the cold core may be 
“cuteoff",. One is horizontal advection indicated by wind flow normal 
to the mean isotherms in the differential analyses, and the other is by 
descending motions in the cold air itself. Tho warm advection is easily 
observed, and the descending motions must be investigatede 

The 500 millibar analyses are utilizod again as being representative 
of the system as a wholee With the exception of time of occurrence, it is 
assumed that the processes which accomplish the observed results at 500 
millibars are similar to other levels of the systom investigatede 

Vertical motions were estimated by the so-called "isobaric" technique 
as described by Panofsky, | 6]. The method assumes all motions are adia- 
batic and that temperature changes are due solely to horizontal advection 
and vertical movions. The procedure was somewhat simplified by the fact 
that the contours showed no radical changes from day to daye The results 
of representative stations, Northwest 3-798, section I, North «879, section 
II, Northeast 4-764, section III, aro given in Table 2. The advection ex- 


pressed qualitatively for the same areas is included in Table l. 
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Table 2. clearly indicates that desconding motions are present in 
the northwestern section of the trough. Note also that the height of the 
500 millibars surface is rising between 1] and 20 October 1949. Evon 
though the height was increasing, a process which in itself would call 
for a drop in temperature at 500 mb, the temperature is incroasinge 
This further substantiates the presence of the descending motionse The 
same situation is occurring in the section to the north along the center 
Line of the troughe 

The presence of the general descending motions and pressure increases 
to the north and northwest implies that there must be considerable hori- 
zontal convergence at some higher levele The pressure increase to the 
north and nortinvest could be the result of this convergence, thereby 
establishing an easterly flow and completing the cut-off, Thus a quali~ 
tative mechanism has been suggested which causes both the formation of the 
cold core and the pressure increases in the north of the troughe 

Hsieh has advanced the following explanation for the change of wind 
direction from west to east in the northern section of the trough and the 
increase of pressure in the northe He observed warm air advection into the 
northwestern section of the trough, into an area of relatively cold aire 
The result, termed an “unbalanced solenoidal field", is presented schenati-~ 


cally in Figure 9-e 
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bserve the flow in the lower layers is to the west. The result 

will be a piling up of air to the right (north) of the current which 
will increase the pressure to the north and at the samo time decrease 
the pressure to the soutn,. This mechanism if applied to the system in= 
vestircated hore would require that: (1) Pressure increase to the north; 
(2) Ascending motions in the west or northwest; (3) Decrease in pressure 
to the south. The Hsieh mechanism is not supported in this investigation 
because: (1) Descending motions are noted to the northwest and north; 
(2) Pressure shows very little chanzo to the southe 

The isotherm analysis of the 500 millibar level showed the first 
closed isotherm (=35°9) occurred on 18 October 1949. On 19 October 1949 
the indicated closed cold core had moved to the south with a central 
closed isotherm of -30°. This general warming in the vicinity of the 
center continued. The appearance of a closed vortex in the cold colum 
of air precludes the effect of any marked advection within the cyclone. 
A recent study*of Divergsence, assuming gradient wind, of this system for 
19 October 1949 discloses that the advection term of the tendency equation 
up to 500 millibars contributed a negligible amount to the pressure ten= 
dency as compared to the other terms of the same equation. Figure 8 shows 
that the cyclone center has very little change in height at the various 
pressure levels. It appears evident that there are descending motions in 
the vicinity of the cyclone center to account for the warming that occurs. 


* Unpublished thesis by He He Taylor, Lieutenant, U. S. Navy 
on Divergence of Gradient Wind. 
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VII. SOs DYNAMIC ASPuCTS Os THi TROUGH AND LO 


As was pointed out earlier, during the first and latter stages of 
the existence of this upper level low, the closed vortex was confined to 
the levels above at least 15000 feet. Only for one period of twelve hours 
on 20 October 1949 did a closed contour of this system appear at the 850 
millibar level. 
le Frictione 

Hsieh suggests the importance of frictional effects in the so-called 
"free atmosphere", in the building down of the rotational motion of the 
vortex in the cold colum, by the vertical transport of momentum by eddy 
stressese Hsieh uses the vorticity equation for this purpose. The ine» 
creased speeds ooserved at higher levels coupled with the general de~ 
scending motions end the conservation of momentum will cause, to some ex= 
tent, the system to build to lower levelse The descending motions are 
approximately at the rate of one (1) kilometer per day at the 500 millibar 
level, and would require about four (4) or five (5) days to build down to 
the surfaces The "“eut-off" occurred at the 500 millibar level on 17 Oct- 
ober 1949 and appeared at the surface on 20 October 1949, a period of 
five (5) dayse 
ce Vorticitye 

The strength of the vortex is considered proportional to the number of 
closed contours surrounding the lowe The number of closed contours is ob= 
served to increase as the low moves to the south and decreases as the low 
moves to the northe The vorticity change is then positive for the former, 
and negative for the latter, in qualitative agreement with the vorticity 


equation. 
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VIII. COnCLUSIONS 


It must be remembered that any conclusions arrived at in this in- 
vestigation are for the one upper level vortex only. It remains for 
further investigation to establish what properties are necessary for 
prognostifrating the cecurrence or non-occurrence or an upper level 
vortex of this typee 
ie Trough. 

Necessary of course is the develonment of the rather large amplitude 
cold trough penetrating far into the belt of the westerlies. The large 
amplitude being necessary to set the cold air sufficiently far south to 
provide a marked temperature contrast with the surroundingse The tem 
perature distribution then assures that the trough intensifies with al- 
titude, masking for the most part, the lower level development. 

Qe Residual cold domes 

The transition from a trough to a vortex requires some method for 
warming in the northern section of the troughe The advection of warm air 
appears to combine with deseending motions in forming the cold core cut~ 
off. 

Ze Secondary cold highe 

The occurrence of a secondary cold high such as originated over the 
rerritory of Alaska, and moved across the northern section of the trough, 
@ids in increasing the pressure north of the lowe The increasing pressure, 
probably resulting from upper level convergence, together with little or 
no chanse in the vortex center, causes tho number of closed contours 


around the low to increase. 
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4e¢ Vortex 

The variations in height of the pressure surfaces at the center 
of the vortox are slight, and probably due primarily to diurnal changes. 
The tendency center associated with the low at 500 millibars, appears to 
follow the contours quite closely at that level. This is significant and 
should be investigated further, since prognostication of such vorvicies is 
very important in the forecasting of upper level winds for flight operations. 

the formation of a direct circulation cell to the north of the trough, 
as advanced by Hsieh, is not confirmed by this investigation. Instead it 
appears that advection of warm air and descending motions accomplish the 
cut-off of cold air and the vortex "cut-off". The inerease of pressure, 
due to convergence aloft, provides the pressure gradiont necessery to pro- 
_— en eastorly flow, and complete the closed vortex in the trough. 

No attempt has been made to forecast the time of "cut-off" but to 
merely explain the processes which caused the phenomenon in this particuler 
sysveme The 500 millibar level wes utilized in this investigation; however, 
while unlikely, it is possible that other levels might show different re= 
sultse It is interesting to note that the "cut-off" occurred at the 500 
millibar level within twelve (12) hours after the 7100-500 millibar thick= 
ness at station ,079, reached its lowest numerical value. 

ror long range forecasting it would be essential to also forecast the 
came of occurrence of a cold troughe This is evidently related to the sub- 
ject of intermittont outbreaks of cold aire A complete theory for this 


phenomenon is not Imown and is suggested for further investigations 
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